We report low-temperature transport spectroscopy of a graphene quantum dot fabricated by atomic force microscope nanolithography. The excellent spatial resolution of the atomic force microscope allows us to reliably fabricate quantum dots with short constrictions of less than 15 nm in length. Transport measurements demonstrate that the device is dominated by a single quantum dot over a wide gate range. The electron spin system of the quantum dot is investigated by applying an in-plane magnetic field. The results are consistent with a Landé g-factor ∼ 2 but no regular spin filling sequence is observed, most likely due to disorder.
The electronic properties of graphene are of intense current interest because of unique features such as the two-dimensional nature of the graphene lattice and its gapless Dirac spectrum. These properties give rise to novel phenomena such as an anomalous half-integer quantum Hall effect [1, 2] , Klein tunneling [3] , and an optical transmittance defined solely by the fine-structure constant [4] . Another attraction is the absence of nuclear spin in the dominant carbon-12 isotope, offering the possibility to define spin qubits in graphene quantum dots which do not suffer from the decoherence associated with the hyperfine interaction [5] . The spin system of graphene quantum dots however, is not yet properly understood [6, 7] .
The absence of a band gap in the electronic spectrum and the existence of Klein tunneling means that devices such as quantum dots cannot be defined electrostatically in monolayer graphene. It is possible to introduce a gap in the spectrum of bilayer graphene by applying an electric field and thus define quantum dots using gate electrodes. Typical energies of quantum dots defined in bilayer graphene, however, are too small to readily observe the quantization of the electronic spectrum [8, 9] . A confinement gap can be introduced in monolayer graphene by physically defining narrow constrictions in the material. These constrictions can be used as tunable barriers to graphene quantum dots [10] . It has been observed however, that in long constrictions, a confinement gap in combination with a background disorder potential produces a hard transport gap where conduction occurs via of a number of quantum dots in series in the barriers [11, 12] . This complicates the transport characteristics and prevents strong coupling between the defined quantum dots and the graphene source and drain electrodes. It is therefore of considerable interest to be able to fabricate graphene quantum dots with short constrictions [13] .
In this work we explore a fabrication technique -atomic force microscope (AFM) nanolithography -which, due to its excellent spatial resolution allows us to reliably fabricate very short constrictions (L ∼ 15 nm) between the graphene quantum dots and electrodes. An additional advantage of this fabrication method is that the graphene is not exposed to photoresists and therefore remains clean. Here we present low-temperature magnetotransport spectroscopy of a graphene quantum dot fabricated by AFM nanolithography. From our measurements we find the electron addition spectrum and investigate the spin system in an in-plane magnetic field.
The device we consider, shown in Fig. 1 , consists of a quantum dot of ∼ 70 nm diameter defined by oxidized lines on a monolayer graphene sheet. The graphene, supported on a doped Si wafer with a 300 nm SiO 2 capping layer, was identified as monolayer using optical contrast [14] . The oxidized lines were created using an atomic force microscope with a negative voltage of between -5 V and -7 V applied to the AFM tip with the sample grounded [15] [16] [17] [18] . We used doped Si contact mode tips in ambient conditions with a relative humidity of approximately 40-50 %. Forces were minimized during lithography, typically less than 5 nN [19] . When much larger forces were applied, using tapping mode tips, the graphene could be etched away completely [20] . The reliability of AFM nanolithography was excellent provided that the graphene surface had not previously been exposed to photoresists. For this reason we used shadow masking to electrically contact the graphene prior to AFM nanolithography [21] . Using this method we fabricated and measured five graphene quantum dot devices of which the one studied in most detail is presented here.
Conductance as a function of back gate voltage, V g , at temperatures of T ∼ 300 K and 4.2 K are shown in Figs. 2(a) and (b) respectively. At T ∼ 300 K the conductance has a minimum at V g ∼ 3 V. At T ∼ 4.2 K, Coulomb blockade resonances are observed on top of the conductance background and a transport gap appears which extends over several volts. The transport gap in gate voltage can be compared to the expected confinement gap at the barriers which we estimate as E gap ∼ 30 meV for our device where the barrier width W ∼ 40 nm [22] . Given a gate lever arm α g ∼ 0.05 (obtained below), this would correspond to a transport gap over a gate voltage range of about 0.6 V. This is much less than observed in the experiment. The large transport gap in gate voltage is consistent with results on graphene nanoconstrictions of lengths down to 50 nm and has been attributed to disorder induced localized states [13] . This work shows that these observations hold even for the 15 nm constrictions used in our work which is perhaps surprising as this is less than the typical disorder potential length scale of graphene on SiO 2 [23, 24] . Figure 2(c) shows the conductance as a function of V g at T ∼ 50 mK which is the base temperature of our dilution refrigerator. We observe a series of equidistantly spaced Coulomb blockade peaks indicating that the transport characteristics are dominated by a single quantum dot. In Fig. 3(a) we show the differential conductance as a function of source drain voltage, V sd , and V g . We obtain the characteristic Coulomb diamond structures and observe excited states as lines parallel to the diamond slopes. We observe co-tunneling across the full gate range and note that it is weakest around V g ∼ 3 V. From the slopes of the diamonds we calculate the gate lever arm α g = C g /C Σ ∼ 0.05, where C g and C Σ are the gate and total capacitance of the quantum dot, respectively. The lever arm increases slightly to ∼ 0.08 with more positive V g as the source and drain capacitances to the quantum dot become smaller as the barriers become more opaque. From the spacing in gate voltage, ∆V g , between Coulomb blockade peaks, we extract the gate capacitance C g ∼ e/∆V g yielding C g ∼ 2.5 aF which is consistent with the value expected from the geometry of the device [25] .
In Fig. 3 (c) we plot ∆V g as a function of V g and find that the average value of ∆V g ∼ 62 mV, does not change appreciably as the backgate voltage is varied, indicating that C g , and thus the size of the quantum dot, remains unchanged. The histogram of ∆V g , shown in Fig. 3(d) , fits well with a Gaussian distribution for which we find a standard deviation of ∼ 12 mV, corresponding to a normalised standard deviation of 0.20, in good agreement with recent findings [26] . This variation could be due to fluctuations in the single-particle level spacing ∆E, which can be found from the spacing of the first excited states, as indicated in Fig. 3(a) . This is plotted for a wide gate range in Fig. 3(b) . We find ∆E ∼ 1 meV, although with considerable scatter. Given α g ∼ 0.05 this corresponds to ∆V g ∼ 20 mV. The measured singleparticle level spacing and its fluctuations are thus sufficiently large to explain the observed scatter in ∆V g . We note that, the single-particle level spacing in monolayer graphene quantum dots is theoretically expected [27] to show a ∆E ∝ 1/ √ N dependence, where N is the number of charge carriers. While the average ∆E does indeed appear to increase somewhat with decreasing N , the scatter in the data is too large to verify this relation accurately.
Finally, we turn to the spin filling sequence in our quantum dot which we investigated by applying a magnetic field of up to 10 Tesla. The field was carefully aligned to be parallel (within ∼ 1-2 degrees) with the graphene lattice such that the dominant contribution is the Zeeman splitting E Z of the single-particle levels. In the simplest case one might expect a simple up-down spin filling sequence although previous work suggested that the spin filling could be dominated by exchange interaction [7, 28] .
To determine the spin filling in our device we first investigated the magnetic field evolution of the excited states observed in the Coulomb diamonds. Figure 4 (a) shows a Coulomb diamond, at V g ∼ 0.3 V, in parallel magnetic fields of B = 0 − 9 T. Two peaks in the differential conductance, highlighted by the squares and triangles, are seen to move in field. This movement is plotted in Fig. 4(b) and for two peaks from another region of V g in Fig 4(c) . The extracted slopes ∆E Z /∆B are consistent with a Landé g-factor ∼ 2 although with significant scatter between different slopes. We verified that the lever arms remain largely unaffected by the magnetic field, see Fig. 4 
(d).
We then followed the spin states by measuring the Coulomb peak spacing ∆V g at V sd = 0 V, i.e. the linearresponse regime, as a function of parallel magnetic field, see Fig.5 . Assuming a simple ↑↓↑↓ spin filling sequence one expects peaks to alternately become closer and further apart with slopes of ±gµ B . Alternatively, for a sequence ↓↑↑↓↓↑↑↓ due to, e.g. exchange interactions, slopes of zero are expected for every second pair [7] . As apparent in the data shown in Fig. 5 , where ±gµ B is indicated by the dashed lines for g = 2, we occasionally see slopes consistent with 0, ±2µ B , but no clear sequence emerges which would allow us to draw any definite conclusions. The absence of a clear spin filling sequence is similar to findings on plasma etched graphene quantum dots and is most likely due to edge and/or substrate induced disorder [29] . In this respect, it would be of con- siderable interest to be able to suspend the graphene dots to eliminate substrate interaction. We believe this to be feasible for quantum dots fabricated by our AFM nanolithography technique as suspended dots would still have mechanical support from the surrounding graphene lattice even when electrically isolated. Suspended graphene quantum dots would also be of interest to investigate the interplay between vibrational modes and the singleelectron tunneling current for which the precise spin state is less important [30] .
In conclusion, we have used AFM nanolithography to fabricate quantum dots in monolayer graphene. The spatial resolution of the AFM tip allowed us to fabricate constrictions to the quantum dots with lengths ∼ 15 nm. From low-temperature bias spectroscopy we investigated the addition energy and spin filling sequence in a magnetic field parallel to the graphene lattice. The measurements demonstrate that transport is dominated by a single quantum dot in this device. Measurements of the electron spin states are consistent with a Landé g-factor ∼ 2 but no clear spin filling sequence was observed, most likely due to disorder. Future work will address the role of substrate interaction by suspending the graphene quantum dots.
